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ABSTRACT 
 
Performance of a newly developed freeze concentrator named Vertical Finned 
Crystallizer (VFC) in concentrated glucose solution was evaluated. The VFC was 
designed as an attempt to provide an efficient Progressive Freeze Concentration (PFC) 
system by providing larger heat transfer area for crystallization. Glucose solution at an 
initial concentration of 11°Brix was concentrated through the new PFC system. The 
performance of the crystallizer was analyzed in parallel with the effect of freezing time 
and shaking speed to the system efficiency, represented by effective partition constant 
(K) and solute recovery (Y). The results show that the efficiency of the system has 
significantly improved portrayed by the lowest K value obtained of 0.383 and the 
highest Y value obtained of 0.96 g glucose/g initial glucose at intermediate circulation 
time and shaking speed. Thus, the VFC is evidently proven to have a high potential to 
be integrated in a PFC process as an efficient concentration system. The results obtained 
offer some guidelines on how to produce an efficient PFC system through parameter 
setting.  
 
Keywords: Freeze concentration; cryoconcentration; progressive freeze concentration; 
vertical finned crystallizer; effective partition constant; solute recovery.    
  
INTRODUCTION 
 
Freeze Concentration (FC) is a process used to concentrate a solution by freezing water 
into pure ice and eliminating solutes or impurities from the formed ice simultaneously 
[1-7]. The greatest attraction of FC is it could preserve the thermally sensitive 
components in the concentrate due to the low process temperatures involved, as well as 
low energy requirement (0.33kJ/g water) as compared to the conventional concentration 
method by evaporation [1, 8]. Based on this advantage, this process has now become 
favourable concentration method especially in liquid food processing industries as the 
nutritional quality of freeze concentrated products is higher than those concentrated by 
evaporation [9-11].  
According to Flesland [12] and Miyawaki [13], there are two basic types of 
freeze concentration, which are suspension freeze concentration (SFC) and progressive 
freeze concentration (PFC). In SFC, small size ice crystals are produced in the 
Effect of Freezing Time and Shaking Speed on the Performance of Progressive Freeze Concentration via 
Vertical Finned Crystallizer 
5357 
 
suspension of mother solution while PFC continuously produces ice crystal layer by 
layer on a cooled surface until it forms a single and large block of ice. Hence, separation 
of ice crystal from solution becomes much easier and cheaper in PFC since SFC 
requires many unit operations especially in separation section which involves washing 
and filtration [4, 13-15]. As PFC offers a simpler separation step, it has been suggested 
in recent studies to associate the future application of FC more with the progresses in 
the configuration of PFC system than SFC system [3, 16].  
Although PFC is reported to be a better way to concentrate solutions, its 
productivity has been found to be lower than SFC. This is mainly due to the nature of 
the formation of ice layer which is normally very slow. The slow ice layer formation in 
PFC limits the commercialization of the process. Although PFC could offer a cheaper 
separation process, it would not be favored by the industry if the process would not 
yield a good productivity and efficiency. As a result, many studies have been and are 
being made to find the way to improve the efficiency and productivity of the PFC 
method. However, less number of studies on proposing or creating new PFC systems 
and crystallizers has been reported [9, 17-20]. In PFC, the most important and crucial 
part to ensure the productivity and separation efficiency is the crystallizer. Crystallizer 
is the apparatus in which the crystallization process takes place.  
The objective of this study is to propose a new PFC crystallizer, namely vertical 
finned crystallizer (VFC), as an attempt to provide an efficient PFC system by 
providing larger heat transfer area for crystallization through the subjected fins. This 
paper discusses the performance evaluation of the VFC through the changes in effective 
partition constant (K) and solute recovery (Y) at different circulation flowrate and 
shaking speed.   
 
MATERIALS AND METHODS 
 
Design of Vertical Finned Crystallizer (VFC) 
  
Generally, the VFC is divided into five parts which are body, fin, stand, lid and cooling 
jacket. Figure 1 shows the general schematic of the vertical finned crystallizer. During 
the process, crystallization took place inside the body of the crystallizer consisting the 
subjected fins, while cooling jacket provided place for circulated coolant around the 
crystallizer body. The whole system of the new crystallizer (VFC) was generally built in 
cylindrical shape and made of stainless steel. The full volume of the VFC is 
approximately 1.15 L, with wall thickness and diameter of 1 mm and 8 cm, 
respectively. Four vertical rectangular fins with 30 cm height, 2 cm length and 1.5 cm 
width were introduced onto the inner wall of the new crystallizer (VFC). The subjection 
of these fins has increased the heat transfer area by 63.7%. 
 
Experimental Setup 
 
The actual experimental setup of the PFC process is illustrated in Figure 2. The setup 
comprises of the new crystallizer (VFC), refrigerated waterbath (Scientz, China), 
refractometer (MA871, Romania, Europe), feed tank, peristaltic pump (Cole-Palmer, 
Canada), linear shaker, silicone tubes (Masterflex, USA), temperature data acquisition 
tool, Picolog (Picolog USB TC-08, United Kingdom) and temperature display. The 
shaker was custom made to fit the size and weight of the crystallizer. The reading of 
electrical resistance (ohm) of the shaker was used to controlled the shaking speed.  
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During the experimental run, the VFC was placed on a shaker at which the VFC 
was shaken at certain designated shaking speed. At the same time, the crystallizer was 
connected via two silicone tubes to a peristaltic pump and a feed tank, where the pump 
circulates the solution from the feed tank into the crystallizer at the desired flowrate, for 
a period of time. In order to provide cooling energy to the system, a refrigerated 
waterbath was used where it was connected via another two silicone tubes to the cooling 
jacket of the VFC. The coolant was placed in the waterbath and cooled to the desired 
temperature before being circulated within the cooling jacket. On the other hand, a 
temperature data logger (Picolog) was used to display the temperature recorded by six 
thermocouples installed on the VFC through a connected computer. 
 
Materials 
 
Glucose solutions at a concentration of 11°Brix were used as the target solution to be 
concentrated. 11°Brix was chosen based on its suitability to represent various industrial 
solutions [1, 21]. Initially, analytical grade glucose powder (D(+)-Glucose) was 
purchased from IChem Solution Sdn. Bhd. The solution was prepared by mixing 220 g 
of analytical grade glucose powder with 1780 ml of distilled water. As reported from 
previous research [4, 13], glucose solution has been widely or commonly used in studies 
which evaluated the performance of freeze concentration process. On the other hand, 
50% (v/v) of ethylene glycol-water solution was used as a coolant to supply cooling 
energy to the system. 
 
 
 
Figure 1. (a) Top and (b) side view of VFC. 
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Figure 2. Experimental setup for the PFC system. 
 
Experimental Procedure 
 
Glucose solution was prepared at the desired concentration (Brix). Prior to be fed into 
the crystallizer for concentration purpose, the temperature of the glucose solution was 
kept near the freezing point of water. On the other hand, waterbath containing the 
coolant was switched on to reach coolant temperature of -10°C. As the coolant 
temperature reached the desired reading, the glucose solution was fed into the 
crystallizer from the feed tank using a peristaltic pump at 3400 mL/min circulation 
flowrate. When the crystallizer and the silicone tube were filled with the solution, the 
feeding process from the feed tank was stopped by closing a valve located at the feed 
tank. At this time, the shaker was turned on at the desired shaking speed and the glucose 
solution was left in circulation within the crystallizer and the silicone tube for 
crystallization to occur. 
After certain period, the circulation and shaking were stopped and the 
concentrated glucose solution in the crystallizer was collected from the crystallizer and 
silicone tube. For analysis purpose, volume of the ice layer formed and the concentrate 
were measured before collecting the samples. Then, the collected sample of ice and 
concentrate were analyzed for their glucose concentration using a refractometer. The 
experimental procedure was carried out in duplicates to provide an accurate result of 
experiment. 
 
Calculation of Effective Partition Constant (K) 
 
The efficiency of a PFC process is normally measured by an effective partition constant 
of a solute, K, which acts as an index for separation effectiveness. The value of K 
changes between 0 (complete FC) and 1 (no FC) [4, 14, 22]. Lower value of K indicates 
Amran et al. / International Journal of Automotive and Mechanical Engineering 15(2) 2018 5356-5366 
5360 
 
higher separation efficiency of the PFC process since concentration of solute in the ice 
formed is lower. In this study, the K value was determined by using Eq. (1). 
 
K = 1- [log (Co/CL) / log (VL/Vo)]                                                                                    (1) 
  
where Vo is the initial volume of solution in mL,  
 VL is the final volume of solution in mL, 
 Co is the initial solute concentration of solution in °Brix, 
 CL is the final solute concentration of solution in °Brix. 
 
Calculation of Solute Recovery (Y) 
 
As the freezing process progresses in the crystallizer, solute concentration increases in 
the liquid portion [5, 23-25]. At the same time, an amount of the solute may also be 
entrapped in the ice phase, depending on the process conditions. Hence, the 
effectiveness of the process can also be defined by the solute recovery (Y) which 
represents the amount of solute recovered in the concentrated liquid, from the original 
solution. According to Moreno et al. [26], solute recovery (Y) can be calculated by 
using Eq. (2):  
 
Y = Ms,L / Ms,o                                                                                                                             (2) 
 
where Ms,L is the mass of solute in the concentrated liquid in gm,  
          Ms,o is the mass of solute in the initial solution in gm.  
 
RESULTS AND DISCUSSION 
 
Ice Crystal Formation 
 
During the freezing process, ice crystal layer has been successfully formed on the inner 
wall of the new crystallizer, thus proving the effectiveness of the design aspects of the 
Vertical Finned Crystallizer (VFC) for freeze concentration. Figure 3 shows the close-
up view inside the VFC before (a) and after (b) the formation of ice crystal layer.  
Through the experimental works, the volume of ice produced (VS) was measured 
together with the volume of concentrate collected (VL), as well as concentration of 
glucose in both concentrate (CL) and ice (CS) at the end of experiment. These values 
were later being used in the calculation of effective partition constant (K) and solute 
recovery (Y). Table 1 shows the calculated values of effective partition constant (K) and 
solute recovery (Y) at different circulation time and shaking speed of shaker.  
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Figure 3. A close-up view of the VFC (a) before and; (b) after the formation of ice. 
 
Table 1. Changes in K and Y value at different coolant temperature and circulation flow 
rate. 
 
Circulation 
time (min) 
K Y 
Shaking 
speed (ohm) 
K Y 
40 0.568 0.945 30 0.581 0.890 
50 0.383 0.960 40 0.383 0.960 
60 0.476 0.948 50 0.395 0.948 
70 0.500 0.943 60 0.494 0.937 
80 0.517 0.938 70 0.525 0.907 
 
Effect of Circulation Time 
 
Generally, longer circulation time could provide higher concentration efficiency to the 
PFC process [3, 11, 27]. As the freezing process started, the degree of crystallinity of 
the formed ice layer is still low with the presence of dendrites structure. By providing 
longer circulation time, the ice layer grows thicker, leaving the unfrozen solution in a 
state approaching the saturation level [28-31]. Figure 4 shows the trends of effective 
partition constant (K) and solute recovery (Y) at different circulation time. 
From Figure 4, it can be observed that the K value decreases as the circulation 
time increases from 40 to 50 minutes. In this analysis, a 50 minutes’ circulation is 
sufficient to give the highest efficiency of the process, portrayed by the lowest K value 
(0.383) and the highest Y value (0.96) obtained. At this condition, the value of Y 
describes that 96 % of solute in the initial solution has been recovered in the 
concentrate. However, the trend was changed after 50 minutes of circulation where the 
K value started to increase. The figure also shows that the solute recovery, Y has an 
inverse relationship to the K value. The value of K obtained in this analysis is lower 
than the value obtained by Jusoh [32] which is 0.48 at maximum circulation time of 20 
minutes. Although the lower value of K was obtained at a higher circulation flowrate, 
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the capability of VFC to yield an efficient separation process was proven through this 
value. 
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Figure 4. Changes in K and Y values at different circulation time 
 
However, longer circulation time might shift the trend of solute concentration in 
the ice caused by the saturation of solute in the concentrate. This situation can be 
explained by the growth of ice layers which nearly occupied the space inside the 
crystallizer especially after 50 minutes of concentration process [16, 33]. In fact, this 
situation is supported by Chen et al. [34, 35] in their study which stated that higher solid 
fraction could give lower ice purity. Hence, high amount of solutes in the concentrate 
can easily be trapped into the ice layers if the concentration process continued, thus 
lowering the amount of solute recovered in the concentrate as well as process efficiency.  
 
Effect of Shaking Speed 
 
In this study, a shaker was used particularly to distribute and mix the solutes well in the 
target solution which later could enhance the production of highly concentrated 
concentrate as well as highly purified ice. Figure 5 shows the trends of effective 
partition constant (K) and solute recovery (Y) at different circulation time. The value of 
K decreases as the shaking speed increases from 30 to 40 ohm, with 40 ohm recording 
the lowest K value portraying the highest efficiency of the system in this particular 
analysis. Similar trend was also obtained in a study by Iritani et al. [36]. However, the 
value of K starts to increase as the shaking speed further increases up to 70 ohms. On 
the other hand, the observed trend of solute recovery (Y) is opposite to the trend 
observed for K value.  
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Figure 5. Changes in K and Y values at different shaking speed 
 
Generally, a higher separation efficiency was produced at higher mixing rate [2, 
37, 38]. This phenomenon is in line with the concentration polarization model 
developed by Miyawaki et al. [13, 39] which stated that higher mixing rate can reduce 
the extent of solute accumulation at the ice-liquid interface. Hence, the number of solute 
trapped into the ice could be reduced. This phenomenon explains clearly the decrease in 
K value as well as the increase in Y value as the shaking speed was increased from 30 to 
40 ohm. When the amount of trapped solute in the ice was low at higher shaking speed, 
it also shows that the amount of solute recovered in the concentrate was high. 
However, further increase of the shaking speed had caused a decrease in 
separation efficiency portrayed by higher value of K and lower value of Y. This result 
can be explained by a reduction in the volume of ice produced when the shaking speed 
of shaker was increased. Although solute distribution in the solution could be enhanced 
by providing a shaker to the system, too vigorous shaking effect could interrupt the 
formation of ice on the wall of the crystallizer. This situation can be best explained by 
the fact that the front growth of the ice is in slushy form where it can be easily washed 
away or eroded from the rigid ice layer by the vigorous shaking [36, 40]. 
 
CONCLUSION 
 
In PFC, it is important to understand the kinetics of the impurity or solute incorporation 
in the crystal formed during the crystallization, as well as to observe the relationship 
between process parameters and the impurity concentration in the ice crystal. Studies on 
theoretical and experimental analysis on the effect of parameters towards the system 
efficiency are important in improving the performance of the process itself. The lowest 
obtained value of effective partition constant (K) and the highest obtained value of 
solute recovery (Y) from this study have proven that the newly designed crystallizer, 
namely vertical finned crystallizer (VFC) is capable to concentrate glucose solution 
through progressive freeze concentration (PFC) process. The performance of the system 
which has been evaluated through behavior identification of effective partition constant 
(K) and solute recovery (Y) has shown that the VFC has high potential and is ready to 
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compete with the previous existing PFC designs. The two determinant parameters (K 
and Y) were also found to be dependent on the circulation time and shaking speed of 
shaker. As elaborated in the previous section, adequate circulation time (50 minutes) is 
needed to give the highest efficiency of the process. In addition, providing intermediate 
shaking speed (40 ohm) is a good technique to distribute and mix the solutes well in the 
target solution which later could enhance the production of highly concentrated 
concentrate as well as highly purified ice. Through this study, the best effective partition 
constant (K) and solute recovery (Y) obtained are 0.383 and 0.96 g glucose/g initial 
glucose, respectively. 
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